The resistivity of a field reversed configuration in a theta-pinch with slow rising current was investigated during the turbulent phase from the moment of field reversal until end of plasma radial implosion. This transport coefficient was obtained in a hydrogen plasma by local measurements with magnetic probe and compared to numerical calculations with Chodura resistivity and evolution of lower hybrid drift instability. The values of resistivity are higher than those predicted by classical binary collision. During early phase of confinement, the doubly layer structure of current sheath in the low electric field machine was theoretically well reproduced with anomalous collision frequency calculated with Chodura resistivity that provides appropriate conditions for onset of lower hybrid drift instability and the regular evolution of pinch. The plasma dynamic, radial profiles of magnetic field during the radial compression and resistivity values were equally close to those observed by the measurements. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
It is well known that transport processes in theta-pinch plasmas are dominated by turbulence. This turbulence has been associated with evolution of microinstabilities driven by various sources of free energy. On early simulations, the evolution of lower hybrid drift instability (LH) showed to be adequate to explain the smooth radial profile of the magnetic field in the current sheath during the implosion phase of theta-pinches. [1] [2] [3] Later studies have indicated that this instability is stabilized by finite beta and, therefore, should concentrate only at periphery of the current layer in a field reversed configuration (FRC). 4, 5 Experimentally, no evidence of LH was observed in a FRC by CO 2 heterodyne scattering, even in low beta region at edge of configuration. [6] [7] [8] However, in a reconnection experiment, with field topology similar to FRC's, LH was observed at the edge of the current sheet by local measurements with internal electrical and magnetic probes. 9 Only this instability would not explain the fast reconnection in the device and other instabilities such as drift kink instability shows to be significant in the mechanism. 10 Recent studies shows the relevance of LH in reconnection process and FRC's. 11, 12 Since its saturation level is uncertain, the use of a scaling form for particle transport rate is also suggested by other author. 13 Resistivity is the coefficient normally used to characterize the turbulent plasmas in this field configuration. It can be evaluated using internal probe measurements and, for hot plasmas, combining non-perturbative diagnostics with numerical calculations. [14] [15] [16] The values are usually higher than predicted by Spitzer formula based in fully ionized plasma in strong magnetic field. 17 Particularly for FRC, two formulations have been used in numerical calculation of this anomalous resistivity: the Chodura resistivity and the other derived from Ohm's law and Maxwell equations sometimes written in scaling form. [18] [19] [20] [21] [22] They have been successfully used to describe flux losses and equilibrium in this configuration.
The present work reports the resistivity estimation in a field reversed configuration produced in a theta-pinch device. For a wide range of initial hydrogen gas pressure, this parameter was calculated from internal magnetic probe signals and numerical simulation in a numerical code where ions are taken as particle and electron as massless fluid. The analysis extended from the initial reversed field phase until the end of radial implosion phase. Two approaches were used to calculate anomalous collision frequency: the first one based on evolution of microinstabilities and the second the Chodura resistivity. Microinstabilites could not reproduce numerically the actual plasma dynamic. That was feasible combining these two methods to calculate anomalous resistivity.
In FRC, the resistivity can be derived from Ohm's law E ¼ gJ þ v Â B that reduces to E ¼ gJ on magnetic axis (B ¼ 0) at r ¼ R. 15, 19, 23 Since B ¼ Bê z and J ¼ Jê h in this configuration, using Faraday's and Ampere's law we obtain
where / ¼ À Ð R 0 B2prdr. Internal magnetic probe is the obvious diagnostic technique to measure this spatial and temporal variation of the magnetic field if perturbations can be reduced. This perturbation arises from the presence of conductor in the plasma, and most seriously, the contamination and local plasma properties variation due to material produced by plasma-surface interaction. In the present experiment, plasma lasts for 1 to 2 ls with density and temperature $10 16 cm
À3
and 15 eV, respectively. Using quartz as probe jacket, the belief time of the probe, taken as the time required to evaporate material from the surface, is around 10 ls, higher than plasma existence. 24 Precaution to perturbation due finite conductivity of probe material in the plasma was done reducing probe size in proportion of 1/70 of plasma dimension. 
II. NUMERICAL SIMULATION
The numerical code used is a version of 1 1 2 dimension (space-time, r-t) hybrid code AURORA with inclusion of an electron impact ionization model. The model assumes two bound states n ¼ 1 and n ¼ 2 and the continuum (n ! 3) with collisional excitation and collisional de-excitation between bound states. Between bound states and continuum, the process is collisional ionization and radiative recombination. [25] [26] [27] Ions are taken as particles distributed initially in simulation grid according to a Maxwellian and electrons as a massless fluid. The massless electrons assumption excludes the possibility of LH fluctuations since LH is proportional to 1= ffiffiffiffiffi ffi m e p .
The electron effects are expressed in terms of a anomalous electron-ion collision frequency. The Vlasov equation is solved to calculate evolution of ion distribution function f i ðr; w; tÞ. The equation of motion of each species is
where
w; tÞd 3 w; P ¼ egJ is the momentum transferred from ions to the electrons per ion per unit of time due to collisions andg is the resistive tensor calculated according to g ¼ m e =ne 2 ; is the (anomalous) collision frequency, and p e ¼ n e kT e is the pressure. Field equations are Maxwell's equations without displacement current term. Two approaches were used for collision frequency . The first one was the empirical Chodura collision frequency given by
where c s ¼ ðckT e =m i Þ 1=2 ; V d is the drift velocity, and c and f are adjusting parameters. The second one accounts the evolution of three microinstabilities: Buneman two-stream, ion acoustic, and LH. Only the latter showed to be relevant to reproduce the actual theta-pinch dynamic. Its growth rate
with saturation level e LH ¼ 0:
ce Þ. The simulation condition was based on the first strong pinch of the experiment that occurs on the third half-cycle of external current. Initial ionization fraction of gas a ¼ n e =n 0 was varied in the range of 0.15-0.9, with uniform ionization or according to a expðÀr=c i Þ 2 , where c i is a adjusting coefficient. The latter with c i ¼ 3.5 and r in the range of 0-3.7 was used in order to reproduce experimental lift-off time of current sheath. The number of particles was 5000 particles and simulation time step 5 ns. The current in the simulation coil evolves according to under damped RLC circuit with no coupling between circuit and plasma according to low coupling found in the experiment.
The evolution of plasma implosion was well reproduced in the simulation combining Chodura and LH calculations for anomalous collision frequency. The first reproduces the multi-structured current sheath of the experiment at the beginning of implosion and the latter the dynamic of the implosion. Calculations with only LH results in fast implosion with sharp current and density profile, close to zero resistivity description, different of those observed in the experiment
III. EXPERIMENT
The experiment was in a theta-pinch with 20 cm long coil and a Pyrex discharge tube with a ¼ 3.7 cm inner radius. It operates without a crowbar, i.e., the current has a damped sinusoidal waveform with 14.7 ls rise time (quarter of period). The first pinch occurs during current rising of the third half cycle (HC) and repeats on forward HC of the discharge. 28 For the present study, we worked on the third HC where the peak magnetic field is 11 kG and azimuthal electric field at discharge wall is 76 V/cm. External magnetic probes showed no significant variation on signals with and without plasma, indicating small coupling between plasma and the discharge circuit. The reversed bias magnetic field is the field frozen to the plasma at the end of the previous HC. The intensity varies from 0.8 to 1.2 kG depending on the initial pressure of hydrogen varied in the range of 45-150 mTorr. The plasma temperature varies in the range of 10-20 eV and density $10 16 cm
À3
, calculated using pressure balance equation with assumption of mass conservation. The measurements were performed with various magnetic probes, winded in cavities of a molded epoxy structure, each probe with dimensions around 1 mm in diameter and 3 mm long. The whole set was inside a 5 mm quartz tube in radial direction in the discharge tube. A minimum of three signals on each radial position were used for analysis, with appropriate correction of amplitudes due to small variations of capacitor bank charging voltages and the delay due to the jitter on the spark-gap.
IV. RESULTS AND ANALYSIS
The code was run with various bias field intensity and showed a linear increase of lift off time with bias field in the same plasma initial condition. The initial ionization had no noticeable effect on the plasma dynamic since fully ionization is rapidly established in the current sheath. At initial times of implosion, the current sheath calculated with microinstabilities is highly conductive and its radial profile is sharply defined at null point. With Chodura resistivity with c k ¼ 1.2, c ? ¼ 2.2, f k ¼ 1.0, and f ? ¼ 4.0, this profile is broad, close to the experimental one, as shown in Fig. 1. In this figure , time is normalized to theoretical pinch time s taken as the interval from the moment the null field point leaves the wall until the moment it reaches the minimum. The experimental value of pinch time s X carries more uncertainty and an estimated value of 0.1 is implicit in the normalized time t=s X shown in the figure. Electrons are concentrated at null field point but ions are distributed from this point until almost close to the wall. That distribution was found in all filling gas pressure of the experiment, carrying different bias field from previous half cycle of the external current. In the limit of confidence in regard to the diagnostic, no clear relation could be established among the plasma features with bias field intensity and gas pressure. A radial component of electric field evolves in the sheath pointing toward axis and presenting the same magnitude than the field in the azimuthal direction. Plasma resistivity in this phase is 100-180 times greater than classical Spitzer value and with value around 0.4 mX m.
A combined calculation mode was used to reproduce experimental profiles after this initial phase of implosion. Calculation starts with Chodura resistivity and changes to microinstabilities when V d & 1:5c s around null field point. Figure 2 shows the result of resistivity calculation using this combined method. Calculations with only LH is shown for comparison. These theoretical curves show the range between minimum and maximum values calculated from mean value and standard deviation around the null field point. The combined mode of calculation is in close agreement with experimental values. A multiplication factor in the range of 2-3 was necessary in the LH growing rate (Eq. (5)) to achieve that agreement. In the same figure, we have also the relative resistivity g=g S normalized to Spitzer value. The resistivity value at beginning of implosion is about g ¼ (0.42 6 0.02) mX m and at end of implosion g ¼ (15 6 8) lX m. They correspond to g=g S ' 150 at early phase and g=g S ' 10 at end of implosion. On early phase, experimental resistivity is one order higher than LH calculations. At the end of implosion and beginning of the equilibrium phase, the resistivity assumes the values predicted by LH instability calculation.
Calculations in combined mode lead also to a good reproduction of radial profile of magnetic field in the experiment. That is shown in Fig. 3 , where theoretical profile are superimposed to experimental points. They correspond to the time during implosion t=s ¼ 0.6 and at end of this process t=s ¼ 1.0. Here, we have again the uncertainty on the experimental values of pinch time and an estimated uncertainty of 0.1 is implicit in these experimental data points. The good agreement is found on the time evolution of magnetic field profiles, with a small time lag between theory and experiment.
The corresponding evolution of the pinch of this figure is shown in diagram shown in Fig. 4 . After the lift off from the wall until the end of implosion, the resistive plasma remain distributed, forming a broad current profile. Behind the magnetic piston, a small amount of ions remains with 
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M. E. Kayama Phys. Plasmas 19, 032511 (2012) higher speed. A electric field in radial direction is formed between electron species at the front and ions at back of piston with intensity comparable to the electric field in azimuthal direction.
V. CONCLUSION
The implosion phase of a slow rising reversed field theta-pinch was investigated with magnetic probe measurements and 1 1 2 -D computer simulation of a hybrid code. The initial bias field intensity was between 0.8 and 1.2 kG in hydrogen plasma generated with gas pressure between 45 and 150 mTorr. The experimental plasma dynamic was well reproduced with simulation where anomalous collision frequency was calculated using initially Chodura resistivity and LH after the instant that drift speed is slightly higher than acoustic speed. Calculation of resistivity with the algorithm showed to be adequate to reproduce the experimental observations of current density radial profile with electron at front region of magnetic piston and ion species at its back forming two distinct peaks on the profile. The theoretical calculation of anomalous resistivity values using this combined mode was close to those obtained from analysis of magnetic probe measurements. Resistivity starts with high values at the beginning of implosion and reduces during the implosion. The radial profiles of the magnetic field was also in close agreement to the experiment when this combined mode to calculate the resistivity was used in the simulation.
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